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Abstract
We report a new technique for non-invasively mapping the refractive index distribution through the eye lens using magnetic
resonance micro-imaging. The technique is applied to map the refractive index distribution throughout the sagittal plane of 18
human eye lenses ranging in age from 14 to 82 years in vitro. The results are compared with standard models for the human eye lens.
They conﬁrm that the refractive index distribution, when plotted as a function of normalised lens radius, is a function of lens age and
diﬀers both between the equatorial and axial directions and between the anterior and posterior halves of the optical axis. The re-
fractive index of the lens nucleus exhibits a signiﬁcant reduction with age amounting to 3:4 0:6 104 years1. The contribution of
the gradient index (GRIN) to the lens power decreases by 0:286 0:067 D/year, accounting almost entirely for the estimated overall
change in lens power with age for these lenses, which were probably in their most accommodated state. The results provide ex-
perimental veriﬁcation of hypothesised changes in the GRIN that have previously been invoked as contributing to presbyopia and
support the hypothesis that changes in the GRIN are suﬃcient to oﬀset eﬀects of increasing curvature of human lenses with age in
their unaccommodated state.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
It has been known for about 100 years (Gullstrand,
1909) that the refractive index of the human eye lens
is inhomogeneous, exhibiting a ‘gradient index’. In the
Gullstrand number one eye the lens was considered to
have a nucleus with a uniform refractive index of 1.406,
surrounded by a cortex with a refractive index of 1.386.
Most other models of the eye have simpliﬁed the index
distribution even further by assuming a lens with a
uniform ‘equivalent refractive index’ (e.g. Emsley, 1952).
However the human lens is now known to exhibit a
continuous gradient of refractive index (GRIN) (Nakao,
Fujimoto, Nagata, & Koiti, 1968; Nakao & Ono, 1969;
Pierscionek & Chan, 1989). The refractive index distri-
bution in the human lens is believed to contribute sig-
niﬁcantly to the total lens power (Smith & Pierscionek,
1998; Smith, Pierscionek, & Atchison, 1991), giving the
lens an equivalent refractive index which is higher than
that of either the nucleus or the cortex and which typi-
cally falls in the range between 1.44 and 1.41 depending
on age (Dubbelman & Van der Heijde, 2001a,b).
Modelling the eﬀects of a GRIN on the optical
properties of the lens can be performed with great pre-
cision (Atchison & Smith, 1995; Garner & Smith, 1997;
Hemenger, Garner, & Ooi, 1995; Pierscionek, Chan,
Ennis, Smith, & Augusteyn, 1988; Smith, Atchison, &
Pierscionek, 1992; Smith et al., 1991), but obtaining
experimental data on the lens GRIN is not trivial. Pi-
erscionek and Chan (1989) developed a non-destructive
ray tracing method for mathematically deriving the re-
fractive index distribution in the equatorial plane, that
relied on the circular cross-section of the lens in this
plane. However the refractive index distribution in the
equatorial plane is of limited relevance to the optics of
the lens because it does not contain the lens optical
axis. It is the refractive index in the sagittal plane that
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determines the lens optical properties, but in this plane
the human lens is not circular in cross-section but ap-
proximately biconvex. This added complexity means
that ray tracing results in this plane cannot be directly
used to derive the refractive index distribution without
making assumptions concerning the shape of the GRIN
(Pierscionek & Chan, 1989).
Pierscionek et al. (1988) transposed the refractive
index distribution in the equatorial plane to the sagittal
plane of the lens, based on an assumption that the lens
grows uniformly in the radial direction by the layering
of new ﬁbre cells over the existing lens. To do this it
must be further assumed that the three dimensional is-
oindical contours of the lens are concentric and follow
the shape of the lens. Such assumptions have been shown
to work quite well for the bovine lens, but for human
lenses the method could not accurately predict the ray
paths in the sagittal plane (Pierscionek et al., 1988).
Pierscionek (1997) also used a reﬂectometric optical
sensor to measure the refractive index both along the
optical axis and in the equatorial plane of several human
lenses. She found diﬀerences in the shape of the refrac-
tive index distribution along these axes, which were in-
consistent with the assumption of three dimensional
concentric isoindical contours in the human lens. Al-
though these measurements showed that it is invalid to
assume the existence of concentric isoindical contours in
the sagittal plane through the centre of the lens, the
detailed shape of the refractive index contours could not
be measured because of the invasive nature of this one
dimensional technique. Despite this, transposition of the
equatorial distribution to the sagittal plane has been
widely used to model the human lens (Garner & Smith,
1997; Hemenger et al., 1995; Smith et al., 1992). Using
these modelling techniques (Smith et al., 1992; Smith &
Pierscionek, 1998) it has been shown that changes to
the shape of the GRIN could plausibly lead to a loss of
refractive power and a decrease in accommodative
ability with age. Currently there are no ﬁndings that
have provided experimental veriﬁcation of such changes
to the lens GRIN shape. Consequently, two-dimen-
sional experimental measurements of the refractive
index distribution in the sagittal plane are needed to
obtain a better understanding of the inﬂuence of the
GRIN on human lens optics, to provide experimental
evidence of changes to the lens GRIN with age and to
improve human lens models.
In this study we used magnetic resonance imaging
(MRI) to measure the refractive index distribution in
the sagittal plane of the human lens non-invasively. The
results of these in vitro measurements on lenses of var-
ious ages have implications for a better understanding of
changes that occur in the aging lens, notably the onset
of presbyopia and the ‘lens paradox’––the observation
that, while the curvature of the lens surface (in the un-
accommodated state), increases with age (Brown, 1974),
this occurs without the eye at the same time tending to
myopia (Koretz & Handelman, 1986).
2. Theory
Since the link between the optical and magnetic reso-
nance properties of the human eye lens is not obvious,
we ﬁrst present some theory that establishes a theoreti-
cal relationship between them for protein solutions.
The refractive index of protein solutions has been
known for some time to be linearly related to the protein
concentration, by the Gladstone–Dale formula (Barer &
Joseph, 1954):
n ¼ n0 þ dn
dc
c ð1Þ
where c is the concentration of protein in units of mass
per unit volume, n is the refractive index of the solution
and n0 is the refractive index of the solvent. The dry
weight of the lens is mainly comprised of lens-speciﬁc
proteins, in the form of a, b and c crystallins. Conse-
quently the refractive index of the human lens is a linear
function of the local protein concentration (Pierscionek,
Smith, & Augusteyn, 1987). The refractive index at any
point in the three dimensional lens can therefore be
expressed as
nðx; y; zÞ ¼ n0 þ dn
dc
cðx; y; zÞ ð2Þ
where nðx; y; zÞ and cðx; y; zÞ are now the local refractive
index and crystallin concentration, respectively.
In nuclear magnetic resonance (NMR) and MRI, the
magnetisation of the sample is perturbed by application
of radiofrequency pulses. Its return to equilibrium is
characterised by two relaxation times, the longitudinal
or ‘spin–lattice’ relaxation time T1, that characterises the
return to equilibrium of the component of magnetisa-
tion parallel to the applied static magnetic ﬁeld, and the
transverse or ‘spin–spin’ relaxation time T2 that is the
time constant for decay of components of magnetisation
perpendicular to the static ﬁeld (e.g. Callaghan, 1991).
For a wide range of protein solutions, it has also been
shown empirically that the transverse relaxation rate
for water protons (R2 ¼ 1=T2) is linearly dependent on
protein concentration (Hills, Takacs, & Belton, 1989), at
least within speciﬁc concentration ranges
R2 ¼ Aþ dR2
dc
c ð3Þ
where A is an empirical constant. For protein solutions,
dR2=dc is always positive, so that the relaxation mech-
anism becomes more eﬃcient as the concentration of
protein increases. This increase in relaxation eﬃciency is
due to chemical exchange between the water protons
and the NH moieties of the proteins (Hills et al., 1989).
Since such chemical exchange relies on the proteins
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being soluble, the parameter c in Eq. (3) is strictly the
concentration of soluble proteins. Eq. (3) can be sub-
stituted into Eq. (1) to give a theoretical relationship
between protein concentration and transverse relaxation
rate:
n ¼ Bþ dn
dR2
R2 ð4Þ
where
B ¼ n0  dn
dR2
A ð5Þ
Using standard MRI techniques (Callaghan, 1991;
Pelc, 1993), two-dimensional maps of the spatial distri-
bution of R2 over a selected slice or plane through the
lens can be readily acquired. The R2 value for each
particular picture element or pixel within the image is
thus related to the local refractive index such that:
nðx; y; zÞ ¼ Bþ dn
dR2
R2ðx; y; zÞ ð6Þ
where R2ðx; y; zÞ is the R2 value corresponding to the
pixel of interest. If the R2 map is taken through the
central sagittal plane (x ¼ 0) then nð0; y; zÞ is a map of
the refractive index distribution in the sagittal plane.
The paraxial power of the lens with such a refractive
index distribution can be estimated from equations de-
rived by Smith et al. (1992) and Smith and Pierscionek
(1998). Firstly the total lens power can be expressed as
F ¼ F1 þ FGRIN þ F2  d1F1FGRINne 
d2FGRINF2
ne
 ðd1 þ d2ÞF1F2
ne
þ d1d2F1F2FGRIN
n2e
ð7Þ
where F1 and F2 are the contributions to lens power of
the lens surfaces, given by
F1 ¼ ðne  1:336ÞR1 and F2 ¼
ð1:336 neÞ
R2
ð8Þ
and where R1 and R2 are the anterior and posterior radii
of curvature, ne is the lens surface refractive index, d1
and d2 are the distances from the lens surfaces on the
optical axis to the ﬁrst and second principal planes of
the GRIN, respectively and FGRIN is the contribution to
lens power of the GRIN.
Smith and Pierscionek (1998) used a bi-elliptical
model for the human lens developed by Smith et al.
(1991). In this model the refractive index distribution
was given by a sixth order polynomial of the form:
n ¼ n0 þ n1r2 þ n2r4 þ n3r6 ð9Þ
where n0 is the lens central refractive index, n1, n2, and n3
are coeﬃcients that describe the shape of the refractive
index distribution, and r is the normalised radius from
the centre of the lens (r ¼ 0) to its surface, where r ¼ 1
in any direction. For such a lens model Atchison and
Smith (1995) showed that the GRIN contribution to the
paraxial power of the lens, (FGRIN), could be expressed
as
FGRIN  2 n1

þ 2
3
n2 þ 3
5
n3

t
b2
ð10Þ
where t is the thickness and b is the semi-diameter of the
lens. It will be shown that all the parameters in Eqs. (7),
(8) and (10) can be obtained from the nð0; y; zÞ maps
such that the paraxial power of the lens can be esti-
mated.
3. Methods
Human lenses were obtained from the Queensland
and NSW Eye Banks. All lenses were stored at 34.5 C
in artiﬁcial aqueous humour (AAH) after removal from
the eye. The AAH was made in sterile conditions using
Auto-Pow minimum essential medium with Earl’s salts
(MEME: ICN Biochemicals, Costa Mesa, CA), with the
addition of HEPES (10 mM), glutamine (2 mM), peni-
cillin (1000 lg l1), streptomycin (1 mg l1), amphoteri-
cin (10 mg l1) and adjusted to a pH of 7.4. Twenty
porcine lenses (less than 12 h post-mortem) and eight
human lenses (less than 2 days post-mortem) were used
to make lens homogenates with varying concentrations
of lens crystallins spanning the range of values found in
the intact lens. Lenses were stripped of their outer cap-
sule and placed in an empty sample container. A glass
rod and stainless steel spatula were then used to homo-
genise them by hand. The porcine lens homogenate with
the highest refractive index was made from porcine lens
nuclei (	5 in number) while the other porcine homo-
genates were made from a mixture of cortical and nu-
clear tissue, diluted with AAH as appropriate to cover
the required refractive index range. The human lens
homogenates were made from eight lenses donated by
individuals ranging in age from 50–68 years. In all cases
the lenses used contained no visible sign of cataract.
Again the homogenates corresponding to the lower val-
ues of refractive index were derived from a mixture
of material from lens cortex and nucleus, while higher
values of refractive index were derived primarily from
nuclear material and in one case this was further con-
centrated by evaporation at 23 C. The refractive index
of each solution was measured using an Abbe refrac-
tometer with a white light source.
Measurements of transverse relaxation time T2 were
made on a Bruker MSL200 NMR spectroscopy/micro-
imaging system, using a standard Carr–Purcell/Mei-
boom–Gill (CPMG) pulse sequence (Carr & Purcell,
1954; Meiboom & Gill, 1958), with the homogenate
samples in sealed 5 mm diameter NMR tubes. The re-
fractive index measurements were repeated immediately
after the NMR data had been acquired to ensure that
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any dehydration during the NMR measurements would
have minimal impact on the results.
In order to quantitatively map T2 (or R2) over a thin
slice through the lens we required an MRI pulse se-
quence capable of measuring T2 with suﬃcient accuracy
that the results could be compared directly with the
spectroscopic (non-imaging) measurements on the homo-
genates. This was achieved by employing a standard
‘spin echo’ imaging sequence with CPMG pre-weighting
of the equilibrium magnetisation (Moﬀat, 2001; Pelc,
1993). In each pixel of the image the signal can be
expressed as
S ¼ S00 e2snR2 ð11Þ
where n is the number of 180 R.F. pulses in the CPMG
pre-weighting, 2s is the time between the 180 pulses and
S00 incorporates signal weighting due to choice of pa-
rameters associated with the imaging segment of the
pulse sequence. A series of T2 weighted images of CuSO4
solutions at room temperature was acquired using
this pulse sequence. The results were in good agreement
with values obtained by spectroscopic (non-imaging)
methods.
For acquisition of intact human eye lens R2 maps in
vitro, the lenses were contained in standard 10 mm
NMR tubes surrounded by AAH. Initial ‘scout’ images
were acquired in diﬀerent planes to ensure the ﬁnal
image plane included the optical (symmetry) axis of
the lens. The images for construction of the R2 maps
were then acquired using n ¼ 1 to 10 p pulses in the
CPMG pre-weighting (where s ¼ 2:1 m s), a ﬁeld of view
ðFoVÞ ¼ 28 mm, slice thickness ¼ 1 mm, and 128 128
pixel resolution. The relatively large FoV was chosen in
order to improve pixel signal-to-noise ratio (S/N) with-
out resorting to unduly long imaging times. Each pixel
was ﬁtted to Eq. (11) using a modiﬁed Levenberg–
Marquart algorithm in MATLAB to produce the R2
maps.
4. Results
Examples of signal decays due to T2 relaxation in
human lens homogenates of diﬀerent protein concen-
tration, measured spectroscopically are shown in Fig. 1.
All were found to be well ﬁtted by mono-exponential
decay functions. Fig. 1 also shows that the decay rates
(R2) are signiﬁcantly diﬀerent for the diﬀerent homo-
genates. A plot of refractive index (n) as a function of R2
(Fig. 2) exhibits a strong and signiﬁcant linear correla-
tion (r2 ¼ 0:98, p < 0:0001) between n and R2 for human
lens homogenates. The linear equation relating n to R2
was found to be
n ¼ 1:355þ 1:184R2ðms1Þ ð12Þ
This implies a direct correlation between the optical and
magnetic resonance properties of the human lens. Sim-
ilar results were found for the porcine lens homogenates,
albeit with a diﬀerent slope (0.819 m s1 compared with
1.184 m s1). For both human and porcine lenses, results
for homogenates derived primarily from cortical or
nuclear material were found, within experimental error,
to fall on the same line. Diﬀerences and/or distributions
in refractive indices between diﬀerent regions of the lens
should thus be measurable non-invasively using MRI.
Using the methods described above, we measured
R2 maps of 18 diﬀerent human lenses of various ages
ranging from 14 to 82 years. Representative examples of
two human lens R2 maps of diﬀerent ages (29 and 82
years) are shown in Fig. 3a and c. Qualitatively it can be
seen from these two maps that there are signiﬁcant dif-
Fig. 1. T2 decays of human lens homogenates with diﬀerent protein
concentrations and refractive indices acquired at 34.5 C. The data are
well ﬁtted by a mono-exponential decay in all cases (––).
Fig. 2. Refractive index of human and porcine lens homogenates as a
function of transverse relaxation rate (R2) (at 34.5 C). The solid lines
represent the linear best ﬁt, and the dashed lines are the prediction
limits ( standard error of the estimate). For the human homogenates:
n ¼ 1:355ð0:002Þ þ 1:18ð0:04ÞR2 (m s1) (R2 ¼ 0:994, p < 0:0001).
For the porcine homogenates: n ¼ 1:358ð0:002Þ þ 0:82ð0:05ÞR2
(m s1) (R2 ¼ 0:98, p < 0:0001).
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ferences between them. Firstly, as expected, the older
lens is substantially larger than the younger one owing
to the continual growth of the human lens throughout
life. Secondly, R2 is more homogeneous over the lens
nucleus in the older lens. Thirdly, the magnitude of R2 in
the nucleus of the older lens is lower than that of the
lens nucleus in the younger lens. Using Eq. (12) the R2
maps were converted to contour maps of refractive in-
dex (Fig. 3b and d). The lens diameter and thickness
were determined by measuring the diameter and thick-
ness of the outer surface contour. The growth of the
lens with age was quantiﬁed by plotting the lens thick-
ness and diameter as a function of lens age (Fig. 4).
The linear regressions in Fig. 4 show that the excised
human lens grows linearly in thickness (0:018 0:005
mm/year, p ¼ 0:002) and diameter (0:019 0:006 mm/
year, p ¼ 0:009). The lens surface curvatures in the
paraxial region were also calculated by ﬁtting the ante-
rior and posterior sections of the outer contour to an
elliptical equation:
z2
A2
þ y
2
B2
¼ 1 ð13Þ
and using the fact that the surface curvature in the
paraxial region is equal to A=B2. These values are plot-
ted as a function of age in Fig. 5 for both anterior and
posterior surfaces. It can be seen in Fig. 5 that there is
a signiﬁcant (p ¼ 0:002) decrease in the magnitude of
the posterior lens curvature with age while the anterior
curvature shows only a slightly signiﬁcant (p ¼ 0:045)
decrease in curvature with age.
From the contour maps of Fig. 3 it appears that
the inner isoindical contours do not precisely follow the
shape of the lens surface contours and therefore the
refractive index distribution, as a function of normalised
lens radius, may not be isotropic as assumed in some
refractive index models of the human lens. To quantify
this observation the proﬁles of refractive index were
plotted as a function of normalised lens radius along the
equatorial axis and the anterior and posterior sections of
the optical axis for each individual lens. Each proﬁle was
then ﬁtted to a sixth order polynomial in the normalised
lens radius (Eq. (9)). These proﬁles and ﬁts are shown
for the 82 and 29 year old lenses in Figs. 6 (equatorial
Fig. 4. The distance from anterior to posterior pole (i.e. thickness)
and radial diameter of human lenses in vitro (measured from the
isoindical contour maps of Fig. 4). For the lens thickness: t ¼
4:9ð0:3Þ þ 0:181ð0:005ÞAge(years) (R2 ¼ 0:46, p ¼ 0:0019). For
then lens diameter: b ¼ 8:8ð0:4Þ þ 0:189ð0:007ÞAge(years) (R2 ¼
0:36, p ¼ 0:009).
Fig. 5. The anterior ( ) and posterior ( ) curvatures (Ca and Cp re-
spectively) of human lenses in vitro as a function of lens age. The solid
lines represent the least squares best ﬁts and the 95% conﬁdence in-
tervals. The curvatures were calculated by ﬁtting the outer contours of
the corresponding contour maps to Eq. (14). For the anterior surface:
Ca ¼ 0:14ð0:02Þ  0:0007ð0:0003ÞAge (R2 ¼ 0:23, p ¼ 0:045). For
the posterior surface: Cp ¼ 0:25ð0:02Þ þ 0:0014ð0:0003ÞAge (R2 ¼
0:58, p ¼ 0:0002).
Fig. 3. Transverse relaxation rate images (m s1) of a 29-year old
human lens (a), with corresponding isoindical contour map (b), com-
pared with that of an 82-year old human lens (c) and corresponding
isoindical contour map (d). The FoV in (a) and (c) is 10 10 mm with
a ‘pixel’ size of 0.219 mm, and slice thickness of 1 mm. The scales of the
corresponding contour maps are ‘numbers of pixels’.
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proﬁles) and 7 (axial proﬁles), which are typical of the
old and younger lenses, respectively.
There is a substantial age diﬀerence between the re-
fractive indices corresponding to the centres of the lenses
(Figs. 6 and 7) and between the shape of the proﬁles
along the equatorial (Fig. 6) and optical (Fig. 7) axes.
The proﬁles in the equatorial plane also diﬀer from
those for the optical axis and there are diﬀerences be-
tween the anterior and posterior segments of the optical
axis in the same lens.
The lens central refractive index and surface refrac-
tive index were obtained by non-linear ﬁtting of the
proﬁles to Eq. (9), and plotted as a function of lens age
(Fig. 8). From the linear regression results in this ﬁg-
ure it can be seen that there is a signiﬁcant decline
(p < 0:001) in the lens central refractive index with age,
while the lens surface refractive index remains constant
(p > 0:05). Non-linear least squares ﬁtting of the ex-
perimental refractive index distributions to Eq. (9) also
enabled the shape of the proﬁles to be quantiﬁed in
terms of the coeﬃcients n1, n2 and n3. The shapes of the
proﬁles were diﬀerent along the diﬀerent axes and were
also signiﬁcantly (p < 0:001) dependent on age (Fig. 9).
Therefore to estimate FGRIN, Eq. (10) had to be ex-
panded to:
FGRIN  2 n1;1

þ 2
3
n1;2 þ 3
5
n1;3

a1
b2
þ n2;1

þ 2
3
n2;2 þ 3
5
n2;3

a2
b2

ð14Þ
where a1 and a2 are the anterior and posterior thick-
nesses respectively, b is the lens sem-diameter, the n1;i
coeﬃcients are the results of ﬁtting the anterior proﬁle
(Fig. 7) to Eq. (9) and n2;i coeﬃcients are the results of
ﬁtting the posterior proﬁle (Fig. 7) to the same equation.
FGRIN was estimated for each of the 18 lenses and plotted
as a function of age (Fig. 10a). Linear least squares
analysis of the plot shows that there is a signiﬁcant
(p ¼ 0:0006) decline in FGRIN with age. The paraxial
lens power was then estimated for each lens by com-
bining the contributions of F1, F2 and FGRIN using Eq.
(7). Since the actual distances d1 and d2 (the distances
from the anterior and posterior poles to the principal
Fig. 7. Examples of refractive index proﬁles along the optical axis
from the centre of the lens nucleus to the lens surface at the anterior
pole (ﬁlled symbols) and posterior pole (open symbols) obtained from
representative old (82 years) and young (29 years) lenses. The solid
lines are ﬁts to Eq. (9). The p values for the coeﬃcients are less than
0.001 and r2 values are greater than 0.98.
Fig. 8. The least squares regression of lens nuclear (n0) and surface
(ne) refractive index with age. The parameters n0 and ne (n0 þ n1 þ n2þ
n3) were calculated from non-linear least squares ﬁts of the proﬁles,
(see Figs. 6 and 7), to Eq. (9). For the lens surface: ne ¼ 1:365
ð0:005Þ  0:00003ð0:00008ÞAge (R2 ¼ 0:006, p ¼ 0:75). For the lens
nucleus: n0 ¼ 1:440ð0:003Þ  0:00034ð0:00006ÞAge (R2 ¼ 0:68, p <
0:0001).
Fig. 6. Examples of refractive index proﬁles from the centre of the lens
nucleus to the lens surface at the equator (in the equatorial plane)
obtained from representative old (82 years) and young (29 years)
lenses. The solid lines are ﬁts to Eq. (9). The p values for the coeﬃ-
cients are less than 0.001 and r2 values are greater than 0.98.
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planes of the GRIN, respectively) are not precisely
known, a1 and a2 were used as estimates of these values
respectively. Smith et al. (1991) have shown that if all
terms in Eq. (7) containing d1 or d2 are ignored then the
systematic error is not greater than 0.1 D. Therefore it is
anticipated that the systematic error in our calculations
caused by using a1 and a2 will be less than 0.1 D. This is
signiﬁcantly less than the error of the estimated lens
power (5.4 D) derived from the 95% conﬁdence in-
tervals of the linear regression in Fig. 10b. Least squares
analysis (Fig. 10b) of these data predicts that the par-
axial power of excised human eye lenses decreases sig-
niﬁcantly (p ¼ 0:0007) with age at a rate of 	0.3 D/year.
This correlates with the known decrease in accommo-
dative amplitude of 	12 D between the ages of 	10 and
50 years (Glasser & Campbell, 1998; Koretz, Kaufman,
Neider, & Goeckner, 1989).
Fig. 9. Least squares regression of the GRIN shape contribution
(n1 þ ð2=3Þn2 þ ð3=5Þn3) to FGRIN with lens age. The solid lines repre-
sent the least squares best ﬁt and the dashed lines the 95% conﬁdence
intervals. The parameters n1, n2, and n3 were calculated by non-linear
least squares ﬁtting the proﬁles from Figs. 6 and 7 to Eq. (9). Data for
plot (a) were calculated from the proﬁles along the equatorial axes
(Fig. 6), those for plot (b) from the proﬁles along the anterior optical
axes and plot (c) from the proﬁles along the posterior optical axes.
For the equatorial GRIN: n1 þ ð2=3Þn2 þ ð3=5Þn3 ¼ 0:063ð0:009Þþ
0:0004ð0:0002ÞAge (R2 ¼ 0:311, p ¼ 0:02). For the anterior GRIN:
n1 þ ð2=3Þn2 þ ð3=5Þn3 ¼ 0:083ð0:010Þ þ 0:0006ð0:0002ÞAge (R2 ¼
0:35, p ¼ 0:01). For the posterior GRIN: n1 þ ð2=3Þn2þ ð3=5Þn3 ¼
0:070ð0:006Þ þ 0:0006ð0:0001ÞAge (R2 ¼ 0:62, p < 0:0001).
Fig. 10. Least squares regression of the GRIN contribution to lens
power (a) and the estimated total lens power (b) as a function of age.
The solid lines represent the least squares best ﬁt and the dashed lines
the 95% conﬁdence intervals. For the GRIN contribution to lens
power: FGRIN ¼ 37ð4Þ  0:286ð0:067ÞAge (R2 ¼ 0:53, p ¼ 0:0006).
For the estimated total lens power: F ¼ 44ð4Þ  0:287ð0:068ÞAge
(R2 ¼ 0:53, p ¼ 0:0007).
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5. Discussion
As indicated previously, it is known that the unac-
commodated lens exhibits increased curvature with age
while at the same time maintaining emmetropia (or even
exhibiting a slight hypermetropic shift), an apparent
paradox that has previously been attributed to changes
in refractive index distribution (Cook & Koretz, 1995;
Pierscionek, 1993; Koretz & Cook, 2001). However
conﬁrmation of this interpretation has been limited by
the paucity of experimental results for the refractive
index distribution in the sagittal plane of the human lens
(either in vitro or in vivo). Because of this, attempts to
understand lenticular mechanisms of presbyopia and
explain the ‘lens paradox’ have relied on theoretical
modelling of the refractive index distribution through
the human lens and of possible changes to it with age
(Cook & Koretz, 1995; Garner & Smith, 1997; Heme-
nger et al., 1995; Smith et al., 1992; Smith & Pierscionek,
1998).
Central to the modelling of the human lens is a model
for the gradient index (GRIN) distribution. There are
currently three commonly used models for the GRIN
distribution (Cook & Koretz, 1995). The simplest of
these involves replacing the GRIN lens by a lens with a
single ‘equivalent refractive index’ (neq). In the original
Gullstrand–Emsley eye (Emsley, 1952) the equivalent
refractive index was assumed to be 1.42, however re-
cently Dubbelman and Van der Heijde (2001a,b) pro-
posed that it should be age dependent, ranging from
1.44 to 1.41. The second model (Smith et al., 1991) is
based on experimental results obtained from ray tracing
through the equatorial plane (Pierscionek & Chan,
1989). This model suggests that the refractive index
distribution is either of the form given by Eq. (9) or
alternatively can be characterised in terms of a three
parameter power function of the normalised lens radius:
n ¼ n0 þ arq ð15Þ
where a and q are constants and r is the normalised lens
radius.
In this model the central and surface refractive indices
are kept constant. A change in the shape of the proﬁle,
corresponding to a change in either q, (Eq. (15)) or n1, n2
and n3, (Eq. (9)), signiﬁcantly aﬀects the lens power and
aberrations (Smith & Pierscionek, 1998; Smith et al.,
1991). A third model (Koretz & Cook, 2001) based upon
Raman microspectroscopy of local protein concentra-
tions (Siebinga, Vrensen, De Mul, & Greve, 1991) as-
sumes a linear increase in refractive index from the lens
surface to a constant value in the nucleus:
nðrÞ ¼ n0 þ jr ð16Þ
where j is a constant.
The ﬁrst model is obviously a gross over-simpliﬁca-
tion since the human eye lens is known to be a GRIN
lens. It also does not explain the detailed nature of the
observed age-dependent decrease in lens power, other
than by linking it to a corresponding decrease in the
equivalent refractive index. The second and third models
are based upon assumptions concerning the form of the
GRIN that to date have not been adequately tested. The
second model is based upon the assumption of constant
lens nuclear and surface refractive indices, combined
with a GRIN function based on measurements for the
equatorial plane rather than the sagittal plane, and
concentric isoindical contours. Results of such model-
ling show that changes in the shape of the GRIN
can plausibly decrease the equivalent refractive index
and lens power. The third model is based upon Raman
spectroscopic measurements of lens water and protein
content that are relatively invasive to the lens. The ex-
perimental methods (Siebinga et al., 1991) rely on slicing
and ﬁxing the lens in a special solution. Such treatment
of the lens has an unknown eﬀect on the local water
content. However the data were used by Cook and
Koretz (1995) as the basis for inferring lens protein
concentrations, which led to the assumption of a linear
variation in refractive index through the lens cortex and
a constant value in the nucleus. This constant nuclear
refractive index as calculated from such modelling was
found to decrease (4:3 104 years1) with age.
In this study refractive index distributions in the
sagittal plane of human lenses have been measured using
a magnetic resonance technique. The assumptions on
which this method is based are that the refractive index
of the lens can be expressed in terms of the empirical
linear relationship of Eq. (12), and that this can be in-
ferred from data for human lens homogenates of the
form shown in Fig. 2. Although the homogenisation
process used for the calibration of the technique disrupts
the membrane structure of the lens it does not place the
lens proteins under any chemical stress that may change
their eﬀect on refractive index. Nor should this process
signiﬁcantly aﬀect the water proton NMR transverse
relaxation rates.
As can be seen in Fig. 2 there is a similar relationship
for porcine lens homogenates as applies for the human
lens, but the gradient of the correlation is signiﬁcantly
diﬀerent. Such a diﬀerence presumably reﬂects a species
diﬀerence in the structure and/or biochemistry of the
lens proteins. Although the refractive index is governed
by the soluble protein concentration the eﬀect of these
proteins on transverse relaxation rate is expected to be
quite sensitive to protein structure and interactions with
the water phase, as well as proton exchange rates. It
could be argued that the linear correlations of Fig. 2
may be dependent on the age of the lenses used to make
the lens homogenates. Restricted availability of young
human lenses (<50 years) meant that the homogenates
were all made from lenses in the age range 50–68 years.
However we used homogenates made from mixtures of
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cortical and nuclear lens tissue as well as homogenates
made from solely nuclear or cortical tissue. Due to the
growth of the lens these should be representative of
relatively old and younger crystallins respectively. All of
these homogenates fall on the same linear correlation for
both species.
5.1. Implications for lens GRIN models
From the results of Figs. 3, 6 and 7 it is clear that
refractive index distribution in the sagittal plane changes
signiﬁcantly with age. By non-linear least squares ﬁtting
of Eq. (9) to the experimental proﬁles in Figs. 6 and 7 it
can be seen that the shape of the refractive index proﬁle
used by Smith and Pierscionek (1998) and Smith et al.
(1991) gives a reasonably good ﬁt to the data. The data
also ﬁtted Eq. (15) equally well, but the coeﬃcients in
Eq. (9) can readily be used to estimate the GRIN con-
tribution to the lens power using Eq. (10). However it is
worth noting that there are some signiﬁcant departures
of the experimental results from the model of Smith et al.
(1991) (model 2). Firstly, the isoindical contours are not
concentric; hence the shapes of the proﬁles along the
optical (Fig. 7) and equatorial (Fig. 6) axes are signiﬁ-
cantly diﬀerent. Secondly, the central refractive index
decreases signiﬁcantly with age (Fig. 8) contributing to
the change in coeﬃcients n1, n2 and n3 with age (Fig. 9).
Such a decline in refractive index suggests a decline in
the nuclear protein concentration (Eq. (1)). Since the
lens cells lack the ability to break down proteins and/or
remove them from the lens nucleus it is necessary to
discuss whether such a ﬁnding is plausible and if so how
it might occur. Firstly a decline in protein content
with increased age has previously been observed in the
human lens (Siebinga et al., 1991). The decline in nuclear
refractive index also coincides with numerous changes in
the lens crystallins including the formation of insoluble
aggregates (cf. Hoenders & Bloemendal, 1983). Such a
loss of soluble crystallin concentration will directly re-
duce the refractive index as predicted by Eq. (1).
5.2. Implications for lens equivalent refractive index and
lens paradox
The unaccommodated lens increases in curvature
with age (Brown, 1974; Dubbelman & Van der Heijde,
2001a). Therefore, provided other optical parameters of
the eye remained constant, the eye would be expected to
increase in power, resulting in a myopic shift in refrac-
tive error. However the refractive error of the eye in
general actually shifts in the hypermetropic direction
(Saunders, 1981, 1986; Slataper, 1950). This apparent
contradiction is known as the ‘lens paradox’. To explain
the lens paradox it has been suggested that changes to
the refractive index or refractive index distribution may
compensate for the increase in lens curvature or alter-
natively that the change in lens curvature may be an
attempt by the eye to compensate for changes in re-
fractive index distribution of the lens (Brown, Koretz, &
Bron, 1999; Cook & Koretz, 1995). Estimates of equi-
valent refractive index based on the ﬁrst model outlined
above (Dubbelman & Van der Heijde, 2001a,b) and of
nuclear refractive index based on the third model (Cook
& Koretz, 1995) have since supported this hypothesis by
showing an age-related decrease in both of these pa-
rameters. The experimental results of this study (Figs. 6
and 7) provide the ﬁrst empirical measurements of re-
fractive index distribution that support these explana-
tions of the lens paradox, without the need to assume a
particular model for the refractive index distribution in
the lens.
The refractive index distributions measured in vitro
here are most probably for lenses in their most accom-
modated state, which itself is expected to be a function
of lens age, since older lenses have limited ability to
accommodate (see below). However the parameters n1,
n2 and n3, can be considered to a ﬁrst approximation to
be independent of lens absolute thickness and radius,
and hence independent of accommodative state (Garner
& Smith, 1997; Smith & Pierscionek, 1998). If this is
the case then the changes in the GRIN distributions
observed in this study, that imply an age dependent
decrease in FGRIN, should also apply to the unaccom-
modated lens. It is interesting to note that the rate
of decrease in nuclear refractive index (3:4 0:6 104
years1) derived from our data (Fig. 8) is similar to
the rate of decrease in equivalent refractive index of
3:9 0:8 104 years1 previously reported by Dubb-
elman and Van der Heijde (2001a,b) and of central re-
fractive index (4:3 104 years1) reported by Cook and
Koretz (1995).
5.3. Implications for presbyopia
Presbyopia is the loss of clear, comfortable near vi-
sion due to a decrease in accommodative amplitude of
the eye with age. The removal of the lens from the eye as
performed in this study removes the external forces of
the ciliary body on the lens. Due to the elastic properties
of the lens capsule, under these conditions the lens is
expected to adopt its most rounded shape, although the
extent to which it is able to deform in this way is known
to be a function of age. Therefore the lenses used in this
study would be expected to be in their most accommo-
dated state. However in the older lenses this is unlikely
to be signiﬁcantly diﬀerent to their unaccommodated
state since their accommodative ability is expected to be
negligible.
Recently Glasser and Campbell (1998, 1999) made
numerous biometric measurements, (including surface
curvatures, lens thickness and diameter, focal length and
power), on excised human lenses and found that there
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was an age-related decrease in both the power of the
accommodated lens and lens curvature. Further, they
implied that only changes in lens curvature are needed
to explain this age-dependent loss in power of lenses in
their most accommodated state since there was a sig-
niﬁcant linear correlation between lens power calculated
from lens curvatures, (assuming a constant equivalent
refractive index), and lens power measured from ray
tracing experiments (Glasser & Campbell, 1999). How-
ever the results of the present study show that an age-
related decrease in nuclear refractive index (Fig. 8) and
change in GRIN shape occur simultaneously with a
decrease in accommodated lens curvature. The decrease
(0:286 0:067 D/year) in FGRIN with age estimated
from the regression in Fig. 10a, is not signiﬁcantly dif-
ferent from the estimated decrease (0:287 0:068 D/
year) in total lens power (Fig. 10b).
These results suggest that, although there is a small
decrease in excised lens curvature with age, the eﬀect of
this on the accommodated lens power is negligible
compared to the eﬀect of the age-related change in re-
fractive index distribution. Such changes to the refrac-
tive index distribution have previously been implicated
in the cause of presbyopia (Pierscionek, 1993) and sup-
ported by lens modelling (Smith & Pierscionek, 1998;
Smith et al., 1991), however until now, experimental
results did not exist to verify them. The decrease in
FGRIN caused by the changes in refractive index distri-
bution with age implies that a greater change in curva-
ture (and accommodative eﬀort) would be required
for the aging lens to achieve the same accommodative
range as a young lens. Given the increasing size and
reduced deformability (Fisher, 1988) of the aging lens,
the accommodative amplitude of the lens decreases.
6. Conclusions
Using an empirically determined relationship between
lens refractive index and NMR transverse relaxation
rate we have shown that NMR micro-imaging can be
used to measure the refractive index distribution in the
sagittal plane of human lenses. Analysis of refractive
index distributions in 18 diﬀerent human lenses of dif-
ferent ages revealed that the refractive index distribu-
tion changes signiﬁcantly with age, with the main
change being a decrease in nuclear refractive index. Age-
dependent changes in refractive index distribution have
previously been invoked to explain the ‘lens paradox’
and may contribute to the decrease in maximum ac-
commodative power and accommodative amplitude of
the lens that is associated with presbyopia. One possi-
bility is that this may occur due to a decrease in soluble
lens crystallins in the nucleus. Although no age-related
decrease in total lens crystallins has been observed, an
increase in water insoluble lens crystallins with age has
been reported previously (Hoenders & Bloemendal,
1983).
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